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 Antimony sulphide (Sb2S3) has drawn research interest due to its 
promising properties for photovoltaic applications. The progress in 
developing highly efficient Sb2S3 solar cells has stimulated this study to 
a great extent. In this paper, we present the results of a simulation of 
solar cell processing parameters on the performance of the solar cell 
through theoretical analysis and device simulation using SCAPS 
software. The results of this simulation show that the solar cell 
performance can be enhanced to a great extent by adjusting the 
thickness, doping concentration and defect density of both the TiO2 
buffer layer and Sb2S3 absorber layer and also the electron affinity of 
the TiO2 buffer layer. Optimized parameters were found to be: doping 
concentration of (1.0 × 1017𝑐𝑚−3 for TiO2 and 3.0 × 1016𝑐𝑚−3 for 
Sb2S3), defect density of the Sb2S3 absorber at (1.0 × 1015𝑐𝑚−3) and 
the electron affinity of the buffer layer at (4.26 eV). The results 
obtained were as follows: Voc of 750 mV, Jsc of 15.23 mA/cm2, FF of 
73.55% and efficiency of 8.41%. These results show that Sb2S3 is a 
potential earth-abundant compound that can yield highly efficient 
solar cells.  
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1. Introduction 
Antimony sulphide (Sb2S3) is a chalcogenide semiconductor with promising properties for 
photovoltaic applications such as its suitable band gap, relatively non-toxic and earth-abundant 
constituent, simple composition (binary compound), and long term stability [1].  
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It is a V–VI semiconductor material and exists in nature in the form of the mineral stibnite with 
orthorhombic crystal structure (lattice parameters a = 1.1239; b = 1.1313; and c = 0.38411 nm) [2]. 
It has been widely used in electronic applications such as thermoelectric devices, photo-
electrochemical cells, microwave devices, switching devices and photodetectors [3]. Various 
techniques such as thermal evaporation [3–6], chemical bath deposition [7–10], spin coating [11], 
spray pyrolysis, sputtering [12] and electrodeposition [13] have been used to deposit Sb2S3 thin 
films. Depending on the method of synthesis, both p-type and n-type conductivity have been 
reported for Sb2S3 thin films [13].  
 
Many research groups have demonstrated the use of Sb2S3 as an absorber material either as a planar 
or a sensitized solar cell [3, 12]. Efficiencies up to 1.27% have been reported using thermally 
evaporated Sb2S3 absorber layer [2]. [11] report an approach based thermal decomposition of 
Sb(III)(thioacetamide)2Cl3 that yielded solar cells with a short-circuit current density of 8.12 mAcm-2 
and an efficiency of 2.39% [11]. [14] reported a conversion efficiency of 5.1% for aqueous Sb2S3 
deposited at room temperature by CBD. [14] and [15] reported Sb2S3 by CBD on nanoporous TiO2 
and organic hole transporting material yielded an efficiency of 5.2%. [8] reported a photocurrent 
density of 16.3mA/cm2 and power conversion efficiency of 5.7% for a 
glass/FTO/TiO2/Sb2S3/CuSCN/Au structure using Sb2S3 doped with 5 at% Ti as a thin absorber film 
[8]. The highest efficiency of 7.5% has been achieved with a TiO2/Sb2S3 based heterojunction system 
of the type: mesoporous-TiO2/Sb2S3/PCPDTBT (poly(2,6-(4,4-bis-(2-ethylhexyl)-
4Hcyclopenta[2,1b;3,4-b′] dithiophene)-alt-4,7(2,1,3-benzothiadiazole))/Au [16]. 
In spite of the improvement in efficiencies of the Sb2S3 based solar cells, to date, there has been no 
report on their device simulation which can apprise experimentalist on the possible maximum limit 
for this material. Simulation methods allow instinctive analysis of each parameter in solar cells and 
thus identify the optimal conditions of operation [17 - 18]. This study therefore focuses on factors 
that affect the performance of planar Sb2S3 based solar cells which include film thickness, defect 
density and doping density variation of Sb2S3 absorber layer and the thickness, doping density and 
electron affinity of the TiO2 buffer layer using the one-dimensional device simulation with the solar 
cell capacitance simulator (SCAPS) version 3.3.03 [19] under AM1.5G illumination. SCAPS is based 
on three semiconductor equations and can model various homo-junctions, hetero-junctions, multi-
junctions and Schottky barrier devices [17]. 
2. Numerical Modeling and Material Parameters  
The one dimensional SCAPS software [19] allows simulation of planar devices. The Sb2S3 based 
planar solar cell with layer configuration of glass substrate/TCO/Buffer layer of TiO2 /absorption 
layer Sb2S3/hole transport material (HTM) P3HT/ Ag back contact is shown in figure 1. The material 
parameters of the different layers have been selected from those reported in theoretical and 
experimental data of other works [20]. Table 1 summarizes the parameters of each layer in the 
architecture and also indicates the parameters that were optimized for better results. Sb2S3 is said 
to have a number of defects which include sulphur vacancies and antimony interstitials [21]. 
Therefore, we set the absorption characteristic energy at 0.1 eV and introduce two levels antisite 
defects SbS2 in the band gap, one donor at ∈SbS 2 (+/0) = 0.28 eV and one acceptor at ∈SbS 2 (0/−) 
= 0.53 eV, which are both above VBM and should dislocate EF near the VBM inducing p-type 
conductivity [21]. The initial defect density Nt of Sb2S3 absorber material is set to 5.000E+14 [16]. 
The defects in Sb2S3 as outlined by [21] show a p-type conducting behavior.  
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Figure 1: Cell architecture of planar Sb2S3 based solar cell 
 
Table 1. Layer parameters for the different layers of a Sb2S3-based solar cell at 300 K. 
Parameter Units FTO cp-TiO2 Sb2S3 P3HT 
Eg (Band gap) eV 3.5 3.2 1.7 2 
χe (Electron affinity) eV 4.4 
4.26 
(Varied) 
3.8 3.2 
w (Thickness) nm 500 
50 
(Varied) 
80 (Varied) 100 
εr (Permittivity)  9 11.9 7 3 
µn (electron mobility) cm2 /Vs 20 20 7.0×10-2 6.0×10-2 
µp (hole mobility) cm2 /Vs 10 10 2.0×10-2 1.0×10-2 
NC (Effective density of states 
in the conduction band) 
cm-3 2.2×1018  2.2×1018  1.0×1019 1.0×1019 
NV (Effective density of states 
in the valence band) 
cm-3 1.8×1019 1.8×1019 1.0×1019 1.0×1019 
NA (Carrier density of the 
acceptor) 
cm-3 0 0 3.0×1016(Varied)  3.0×1016 
ND (Carrier density of the 
donor) 
cm-3 2.0×1019 1.0×1016 0 0 
 
We, therefore, assume that the absorber is p-type semiconductor with initial carrier density of 
3.000E+16 cm-3. We have also introduced bulk defects in each layer as shown in Table 2. The 
interface defect at the TiO2/Sb2S3 interface is set to be a neutral defect with a total density of 
2.50E+17 [22] and single energetic distribution below the lowest Ec as shown in Table 3.  
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The absorption coefficient (α) curve is calculated from 𝛼 = 𝐴𝛼(ℎ𝑣𝐸𝑔)
1
2⁄  with the pre-factor 𝐴𝛼 
set to 105. 
 
Table 2. Parameters for the Gaussian distributed defect states in the different layers of Sb2S3 solar cell. 
  Units FTO cp-TiO2 Sb2S3 
Type   Neutral Neutral Donor 
Density of defects cm-3 1×10+15 1×10+15 
Varied from 
1010 to1019 
Electron capture 
cross-section (σn) 
cm2 1×10-15 1×10-19 1.34×10-17 
Hole capture cross-
section (σp) 
cm2 1×10-15 1×10-19 1.34×10-17 
Energy eV Above EV Above EV Above EV 
 
Table 3. Interface properties in Sb2S3 solar cells. 
  Interface TiO2/Sb2S3 
Parameter Type Neutral 
Density of defects cm-2 2.50×1017 
electron capture 
cross-section (σn) 
cm-2 2.21×10-9 
hole capture cross 
section (σp) 
cm-2 2.21×10-9 
Energy eV 
Below the lowest 
EC 
 
Table 4 shows the solar cell parameters of the best cell of Sb2S3 [16] that has so far been reported 
and the parameters of our simulated cell that mimic it using the initial parameters in table 1. The 
short-circuit current density (Jsc) of 14.77 mA/cm2, open-circuit voltage (Voc) of 711.1 mV, fill factor 
(FF) of 71.82% and power conversion efficiency (PCE) of 7.54% are obtained. These simulated device 
parameters differ by a negligible error with the experimental values indicating that the device 
simulation is valid and the input parameters that have been set are close to those for a real device.  
 
Table 4. Simulation and experiment parameters of a Sb2S3 cell. 
  VOC(mV) JSC(mA/cm2) FF (%) ɳ (%) 
Experiment [16] 711 16.1 65 7.5 
SCAPS Simulation 711.1 14.77 71.82 7.54 
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3. Results and Discussions 
3.1 Effect of buffer layer thickness on the J-V characteristics 
 
The simulation started by setting the thickness of Sb2S3 layer to 200 nm and varying the thickness of 
the TiO2 buffer layer from 40 nm to 200 nm. It was observed that an increase in the thickness of the 
buffer layer leads to deteriorating solar cell properties as seen in figure 1. The significant change in 
the Voc, FF and efficiency of the cells is as a result of increase in the length of the electron pathways 
in TiO2 which in extreme cases causes decrease in Jsc. This change in Voc can also be due to 
unnecessary increase in the total TiO2 surface area, causing electron back transfer reaction as shown 
in Figure 2. Jsc can also decrease because fewer photons penetrating to the Sb2S3 absorber layer 
when the thickness of the buffer layer is increased as shown in the graph of quantum efficiency in 
Figure 3. The generated charges need to have a longer lifetime to be extracted through the TiO2 
buffer layer but that is not possible. Consequently, there is increase in charge recombination 
occurring slightly at the absorber layer and more in the buffer layers as shown in Figure 4 as a result 
of increase in diffusion length with increase in TiO2 thickness. Thin buffer layers of less than 40 nm 
may not be achieved experimentally due to instruments limitations or the required fabrication 
techniques [18, 23]. Therefore, the range of 40 nm to 50 nm is the preferred optimized thickness of 
the TiO2 buffer layer for Sb2S3 based solar cell.  
 
0.50
0.55
0.60
0.65
0.70
0.75
50 100 150 200
60
65
70
50 100 150 200
O
p
e
n
-c
ir
c
u
it
 V
o
lt
a
g
e
, 
 V
o
c
 (
V
)
(a) (b)
14.2
14.3
14.4
14.5
14.6
14.7
14.8
C
u
rr
e
n
t 
D
e
n
s
it
y
, 
J
 (
m
A
/c
m
2
)
F
ill
 F
a
c
to
r 
(%
)
Buffer layer (cp-TiO
2
) thickness (nm)
(c)
Buffer layer (cp-TiO
2
) thickness (nm)
(d)
4
5
6
7
E
ff
ic
ie
n
c
y
, 

(
%
)
 
Figure 2: Variation in solar cell parameters with thickness of the buffer layer. There is increase in 
recombination at the TiO2 layer due to the short carrier lifetime with increase in thickness. 
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Figure 3: Quantum efficiency for Sb2S3 solar cells with varying thickness of the TiO2 buffer layer  
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Figure 4: Recombination of charges with increase in buffer layer thickness 
 
3.2 Effect of varying buffer layer (TiO2) doping density 
 
Figure 5 shows increase in the doping density of the buffer layer results in improvement in the open-
circuit voltage, fill factor and eventually the efficiency of the cells. Doping of the buffer layer mainly 
affects the reverse saturation current and the overall solar cell conversion efficiency. 
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Figure 5: Variation in solar cell parameters with doping density of the buffer layer. Increase in the doping 
density leads to improved solar cell performance. 
 
 
As the doping density increases from relatively small values of 1013 per cm3, the reverse saturation 
current decreases leading to an increase in the open circuit voltage and consequently the conversion 
efficiency. This increase is sustained until the high doping effects appear causing a reduction of the 
band gap and the minority carrier life time which are expected to cause the reverse saturation 
current to decrease further after reaching a peak with the doping concentration in the TiO2. The 
slight decrease in band gap and minority carrier lifetime, therefore, leads to no significant change in 
the current density as shown by the graph of quantum efficiency in Figure 6. The doping 
concentrations as a process parameter therefore positively affects the open circuit voltage in the 
sense that the open circuit voltage increases by increasing the doping to an optimum value. These 
results show that doping densities of 1017 per cm-3 can yield solar cell efficiency of ~ 9% for the solar 
cell structure in Figure 1. Doping densities above this value may hardly change its carrier 
concentration given that TiO2 is intrinsically an n-type semiconductor with high electron 
concentration.  
 
It is expected that for an increase in defect density, both minority carrier lifetime and mobility should 
decrease causing a decrease in the open-circuit voltage but this has no effect on the TiO2 buffer layer 
as shown in Figure 7. 
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Figure 6: Quantum efficiency of solar cells with varying TiO2 doping density. 
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Figure 7: Graph on the effect of varying defect density of the TiO2 buffer layer on the solar cell parameters. 
 
 
  
Device Simulation of Sb2S3 Solar Cells by SCAPS-1D Software 
47 
 
 
3.3 Effect of varying buffer layer (TiO2) electron affinity 
 
A critical factor of carrier recombination at the interface of semiconductors which determine the 
open-circuit voltage is the band offset between buffer/absorption layer/HTM [17]. We adjusted it 
by varying the values of electron affinity (χ) of the buffer from 3.5 eV to 4.7 eV. The variations of Voc, 
Jsc, FF, and PCE with electron affinity value are shown in Figure 8. Satisfactory results of the solar cell 
parameters can be obtained at the χ values of 3.5 eV– 4.2 eV for the buffer layer. A notch is formed 
on the hole Fermi level at the interface of the buffer layer and absorber as shown in the inset of 
Figure 9. The position of this notch with respect to the vacuum level, increases with increase in the 
electron affinity for energy values greater than 4.2 eV. The notch for the χ values of 4.2 eV and 4.4 
eV are -0.39eV and -0.28 eV respectively, indicating a high probability of carrier recombination at 
the interface hence causing a decrease in the Voc. 
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Figure 8: Variation in solar cell parameters with TiO2 electron affinity. There is no significant change in the 
cell parameters for layers with electron affinity of 4.2 eV and below. 
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Figure 9: Band diagram of Sb2S3 solar cell with TiO2 buffer layer 
 
 
3.4 Effect of Sb2S3 thickness on the photovoltaic parameters 
 
The thickness of the absorber layer plays an important role in charge extraction in thin films and the 
layer must be made sufficiently large to absorb all the penetrating incident radiation. This can be 
varied in the fabrication process. To obtain qualitative information, we have investigated the effects 
of Sb2S3 layer thickness on the performance of the solar cells. Figure 10 shows variations in the solar 
cell parameters when varying the thickness of Sb2S3 layer while keeping other layer properties 
constant. We observe that the Voc and FF are nearly constant for thickness beyond 140 nm while the 
Jsc and the cell efficiency increase exponentially. Increase in thickness of the absorber layer, as 
expected, causes an increase in the short-circuit current resulting from more photons that are 
absorbed by Sb2S3 layer. This also causes an increase in recombination of charges both at the 
interface of Sb2S3/P3HT and in the bulk of Sb2S3 as seen in Figure 11. These recombination lead to a 
drop in the Voc to a nearly constant value of 0.7 V for thickness beyond 140 nm. This value of 
thickness was also reported by [10] for chemically deposited n-type Sb2S3 as the hole ambipolar 
diffusion length together with the electron diffusion length of ~1 µm [10]. The obtained almost 
constant Voc is due to the recombination kinetics in Sb2S3 is not expected to change when the 
diffusion length of charge carriers gets significantly lower than the thickness of the layer [10] 
implying that recombination is not affected by the surface states in Sb2S3. Recombination of the 
charge carriers is therefore due to defects at grain boundaries and in the bulk of the material.  
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Figure 10: Variation in solar cell parameters with thickness of Sb2S3. Thicker films have a fairly constant 
output. 
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Figure 11: Recombination rate verses Sb2S3 thickness. 
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3.5 Effect of Sb2S3 defects density on the photovoltaic parameters 
 
Milton et al. [21] have theoretically studied the defect properties of Sb2S3 using the density 
functional theory calculations in VASP software and reported on native point defects which may 
determine the type of Sb2S3 semiconductor. Their study show that a p-type Sb2S3 semiconductor can 
be obtained from low formation energy of antisite defects of 𝑆𝑏𝑆
2  (Sb in place of S2 atom), 
introducing two levels in the band gap. These levels are a single donor (+/0) at 0.28 eV and a single 
acceptor (0/-) at 0.53 eV which are above the valence band maximum and will dislocate EF near the 
VBM. Figure 12 presents the defect density effects on the solar cell performance parameters using 
the results obtained by Milton et al. The performance of the solar cell is at its best when the defects 
density is below 1015 cm-3. When the defects density exceeds this value, the electrical performance 
of all the parameters are strongly affected. The presence of oxygen ions in chemical bath deposited 
Sb2S3 may also introduce carrier traps which result in weak efficiency solar cells. Roy et al. 
[24]reported two activation energy for p-type Sb2S3 of 0.40 and 0.22 eV which correlate to the donor 
level at 0.28 eV and acceptor level at 0.53 eV [16], [21] and are lower than its band gap (1.7 eV). 
Thus, close to deep defect levels, increase of defect density contributes to recombination loss 
mechanism. Therefore, fabrication of Sb2S3 absorber materials with a high quality (defect density 
~1015 cm-3) is important for the Sb2S3 based solar cell devices.  
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Figure 12: Variation in solar cell parameters with defect density of Sb2S3. 
3.6 Effect of doping density in Sb2S3 solar cells 
 
Figure 13 illustrates the influence of the holes’ density (𝑝) on 𝑉oc, 𝐽sc, FF, and efficiency of Sb2S3 solar 
cell. We obtained a nearly constant open-circuit voltage of 0.9 V, short-circuit current of 13.9 
mA/cm2, fill factor of 46% and efficiencies of 6% for doping densities of less than 1014 cm-3. Doping 
densities higher than this value has improved solar cell parameters apart from the Voc. Increase in 
doping densities reduces the trap density in Sb2S3 and therefore improves on charge collection from 
the absorber.  
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Doping densities above 1014 cm-3 will result in decrease in 𝑉oc but with improvement in 𝐽sc, FF and 
efficiency of the cells. This is a result of a shift in the Fermi levels towards the mid-gap hence 
lowering the 𝑉oc and enabling easy excitation of charges. Doping densities above 1016 cm-3 may not 
improve the cell efficiency and therefore, to get efficiencies above 7.5 %, other parameters have to 
be optimized. 
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Figure 13 Variation in solar cell parameters with doping density of Sb2S3. 
 
 
Finally, we considered all the optimum values obtained in sub-sections 3.1 – 3.6 (see Table 5) and 
obtained encouraging results of the Voc of 750.8 mV, Jsc of 15.23 mA/cm2, FF of 73.55% and PCE of 
8.41% as shown in Table 6. These results show that Sb2S3 solar cells with high efficiency can be 
achieved by optimizing the thickness and doping densities of both the TiO2 buffer layer and Sb2S3 
absorber layer, the electron affinity of TiO2 and more importantly the defects in Sb2S3 which is the 
main challenge for Sb2S3 absorber layer. 
Table 5. Final optimized parameters of Sb2S3 solar cell with TiO2 buffer layer 
Parameter Units cp-TiO2 Sb2S3 
Χe (Electron affinity) eV 4.26 _ 
w (Thickness) nm 50 140 
Density of defects cm-3 
No 
change 
1.0×1015 
NA (Carrier density of the 
acceptor) 
cm-3 _ 3.0×1016 
ND (Carrier density of the donor) cm-3 1.0×1017 _ 
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Table 6. Results for optimized parameters of Sb2S3 solar cell with TiO2 buffer 
layer 
  VOC(mV) JSC(mA/cm2) FF (%) ɳ (%) 
Experiment [Choi et al, 2014] 711 16.1 65 7.5 
SCAPS Simulation (Start) 714.7 14.58 72.11 7.51 
SCAPS Simulation (Final) 750.8 15.23 73.55 8.41 
 
4. Conclusions  
Sb2S3 solar cell performance is simulated and analyzed by the functions of the buffer layer and the 
absorber layer. The optimum thickness of the Sb2S3 absorber layer and the TiO2 buffer layer are 
found in the range of 130nm to 150nm and between 40nm and 50nm respectively. Increase in 
thickness of the buffer layer deteriorates the performance of the solar cell due to an increase in the 
length of electron pathways in TiO2 and fewer photon penetration to the absorber layer. This leads 
to increase in recombination and electron back transfer reaction. Variation in doping density of 
buffer layer affects only the open circuit voltage while variations in defect density has no significant 
effect on the performance of the cell. Increasing the thickness of the Sb2S3 absorber layer leads to 
increase in the short circuit current but with decrease in the open circuit voltage to a nearly constant 
0.7 V due to increase in recombination kinetics at the interface and in the bulk of Sb2S3.  
 
Increase in doping densities reduces the trap density in Sb2S3 and therefore improves on charge 
collection from the absorber. These results can be used to obtain a highly improved thin film Sb2S3 
solar cell but there is need to optimize the fabrication process so as to achieve the above results. 
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